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Abstract
An analysis of the couplings of the 210 dimensional SO(10) vector multiplet to
matter is given. Specifically we give an SU(5) × U(1) decomposition of the vec-
tor couplings 16± − 16± − 210, where 16± is the semispinor of SO(10) chirality
±, using a recently derived basic theorem. The analysis is carried out using the
Wess-Zumino gauge. However, we also consider the more general situation where
all components of the vector multiplet enter in the couplings with the chiral fields.
Here elimination of the auxiliary fields leads to a sigma model type nonlinear La-
grangian. Interactions of the type analysed here may find applications in effective
theories with the 210 vector arising as a condensate. The analysis presented here
completes the explicit computation of all lowest order couplings involving the 16±
of spinors with Higgs and vectors multiplets using the basic theorem.
1 Introduction
In the usual couplings of vector bosons, the vector bosons belong to the adjoint
representation of the gauge group (V̂a, a=1,..,N) and thus have one to one corre-
spondence with the number of generators of the gauge group (T a, a=1,..,N). This
allows one to form the Lie valued quantity V̂ = V̂aT
a which enters prominently in
the construction of Yang-Mills gauge interactions which describe the self interac-
tions of the gauge bosons. Further, one also utilizes the Lie valued quantities to
couple the vector bosons to matter. In supersymmetric theories one essentially uses
the same strategy in that one also uses Lie valued quantities and further one uses
the Wess-Zumino gauge[1] in which the vector multiplet is reduced to just three
components, Vµ, λ,D, where Vµ is the spin 1 vector field, λ is a spin 1
2
Majorana
fields and D is an auxiliary field. The question arises how one may construct the
couplings of a vector multiplet which does not belong to the adjoint representation.
We focus here on the group SO(10) which is one of the groups under considerable
scrutiny as it is a possible grand unification group for the unification of the elec-
troweak and of the strong interactions[2]. Thus, for example, in SO(10) one has a
16 dimensional spinor representation which can accomodate a full one generation
of quarks and leptons and its vector couplings have the following decomposition
16× 16 = 1 + 45 + 210 (1)
Thus while it is straightforward to couple 1 and 45 plet of vectors with the 16×16
using the usual Yang-Mills construction, and for the case of supersymmetry using
the supersymmetric Yang-Mills construction, the same procedure does not apply
to the coupling of the vector 210 multiplet. Recently, we have given a complete
computation of the couplings in the superpotential which involve the 16 plet of
matter[3, 4]. In Ref.[3, 4] a ”basic theorem” using oscillator method[5, 6] was
developed which allowed one to carry out explicit analytic computations of the
SO(10) couplings. Since 16 × 16 = 10 + 120 + 126 we have given a complete
determination of the couplings of matter -matter -Higgs couplings of the type
16 − 16 − 10, 16 − 16 − 120 and 16 − 16 − 126 [7, 8]. The present analysis is
motivated by similar considerations where we wish to give a complete analysis
of the vector couplings of 16 × 16. While the vector couplings 16 − 16 − 1 and
16 − 16 − 45 are straightforwardly given by the standard analysis, this is not the
case for the 16 − 16 − 210 vector coupling. Here we need a new technique to
address this question. The purpose of this paper is to do just that. In this paper
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we consider the couplings of the supersymmetric vector 210 multiplet in SO(10).
We focus on this construction both for the theoretical challenge of constructing
such couplings as well as for the possibility that such interactions may surface in
some future effective theories to describe fully all the degrees of freedom at some
relevant energy scale.
The outline of the rest of the paper is as follows: In Sec.2 we follow the conven-
tional approach and give the coupling of the 210 multiplet with 16 plet of matter,
i.e., we compute the couplings 16±− 16±− 210 in the Wess-Zumino gauge and we
carry out a full SU(5)×U(1) decomposition of it. Elimination of the auxiliary fields
is carried out in Appendix C. At the very outset we discard the constraint of gauge
invariance since the imposition of such a constraint is untenable for the 210 multi-
plet. In Sec.3 we consider the more general couplings of the 210 multiplet retaining
all the components of the vector multiplet, i.e, we do not impose the Wess-Zumino
gauge constraint[1]. In the construction we use the superfield formalism[9] to guar-
antee that we have explicit supersymmetry at all stages in the theory. In this case
elimination of the auxiliary fields leads to a non-linear Lagrangian with infinite
order of nonlinearities in it. The general technique underlying this procedure is
illustrated in Appendix G for the U(1) case. This analysis has some resemblance
to the analysis of Ref.[10] which also used a unconstrained vector multiplet, i.e., it
did not impose the constraint of the Wess-Zumino gauge[1]. However, the analysis
of Ref.[10] did not include an explicit mass term for the vector multiplet, nor the
self interactions of the vector fields and it did not integrate the auxiliarly fields. In
fact the motivation of the work of Ref.[10] was very different in that the analysis
of Ref.[10] was geared to study spontaneous symmetry breaking and generation
of vector boson masses in that context. Returning to the 210 multiplet we note
that since the 210 vector multiplet interaction cannot be gauge invariant, one
must view its interactions only as effective interactions and thus the appearance
of sigma model type nonlinearities here are quite acceptable. In Sec.4 we give the
conclusions. Appendix A is devoted to notation and definition of the components
of the vector and chiral superfields. Normalization of the dynamical modes are
given in Appendix B. An elimination of the auxiliary fields appearing in Sec.2 is
given Appendix C and an illustration of the SO(10) couplings of Sec.3 is given
in Appendix D. For completeness an SU(5) × U(1) decomposition of the singlet
vector couplings and of the 45 vector couplings are given in Appendices E and F.
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2 Coupling of 210 vector multiplet to 16± plet of
matter
In usual formulations of particle interactions the vectors belong to either singlets or
the adjoint representations of the gauge group of the theory under consideration.
To couple the vectors to matter one forms a Lie valued quantity V̂ aTa where Ta
are the generators of the gauge group satisfying the algebra [Ta, Tb] = ifabcTc.
Then one couples the Lie valued quantity to the matter fields in the form Φ†egV̂Φ
which can be shown to be a gauge invariant combination. For the representations
1 and 45 on the right hand side of Eq.(1) one can carry out this construction
straightforwardly (see Appendices E and F). However, this construction does not
work for the 210 vector multiplet as one cannot write a gauge invariant Yang-Mills
theory for it. Further, for the same reason one cannot write a gauge invariant
coupling of the 210 vector with matter. To construct the 210 vector couplings,
the technique we adopt is to carry out a direct expansion in powers of the vector
supersuperfield. Thus we have
L
(210 Interaction)
V+Φ = h
(210+)
ab [< Φ̂(+)a|Φ̂(+)b > +
g
(210)
4!
< Φ̂(+)a|V̂µνρλΓ[µΓνΓρΓλ]|Φ̂(+)b >
+
1
2
g(210)
4!
2 < Φ̂(+)a|V̂µνρλΓ[µΓνΓρΓλ]V̂αβγδΓ[αΓβΓγΓδ]|Φ̂(+)b >]|θ2θ¯2
+h
(210−)
ab [< Φ̂(−)a|Φ̂(−)b > +
g
(210)
4!
< Φ̂(−)a|V̂µνρλΓ[µΓνΓρΓλ]|Φ̂(−)b >
+
1
2
g(210)
4!
2 < Φ̂(−)a|V̂µνρλΓ[µΓνΓρΓλ]V̂αβγδΓ[αΓβΓγΓδ]|Φ̂(−)b >]|θ2θ¯2 + ..
Γ[µΓνΓρΓλ] =
1
4!
∑
P
(−1)δPΓµP (1)ΓνP (2)ΓρP (3)ΓλP (4) (2)
where
∑
P denoting the sum over all permutations and δP takes on the value 0 (1)
for even (odd) permutations. V̂µνρλ (µ, ν, λ, ρ=1,2,..,10) is the vector superfield,
Φ̂(+)a is the 16+ chiral superfield (a is the generation index) and Γµ satisfies a rank-
10 Clifford algebra, [Γµ,Γν ]= 2δµν . In the following we give a full exhibition of the
couplings to only linear order in the vector superfield in terms of its SU(5)×U(1)
decompostion but a similar analysis can be done for couplings involving higher
powers of the superfield. Thus using the analysis of Ref.[3, 4] we find that the
16+16+ couplings can be decomposed as follows
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h
(210+)
ab < Φ̂(+)a|Φ̂(+)b > |θ2θ¯2 = h
(210+)
ab [−∂AA†(+)a∂AA(+)b − ∂AAi†(+)a∂AA(+)bi
−∂AA†(+)aij∂AAij(+)b − iΨ(+)aLγA∂AΨ(+)bL
−iΨi(+)aLγA∂AΨ(+)biL − iΨ(+)aijLγA∂AΨij(+)bL] + L(210)(1)auxiliary
L
(210)
(1)auxiliary = h
(210+)
ab < F(+)a|F(+)b > (3)
h
(210−)
ab < Φ̂(−)a|Φ̂(−)b > |θ2θ¯2 = h
(210−)
ab [−∂AA†(−)a∂AA(−)b − ∂AA†(−)ai∂AAi(−)b
−∂AAij†(−)a∂AA(−)bij − iΨ(−)aLγA∂AΨ(−)bL
−iΨ(−)aiLγA∂AΨi(−)bL − iΨij(−)aLγA∂AΨ(−)bijL] + L(210)(2)auxiliary
L
(210)
(2)auxiliary = h
(210−)
ab < F(−)a|F(−)b > (4)
Ψ(±)a =
(
ψ(±)aα˜
ψ
˙˜α
(±)a
)
(5)
In the above the upper case Latin letters (A, B, C, D) are the Lorentz indices
while the Greek letters with tilde’s(α˜,
˙˜
β, ...)are Weyl indices. Similarly we find
h
(210+)
ab g
(210)
4!
< Φ̂(+)a|V̂µνρλΓ[µΓνΓρΓλ]|Φ̂(+)b > |θ2θ¯2
= h
(210+)
ab g
(210){[1
2
√
5
6
(
iA†(+)a
↔
∂A A(+)b −Ψ(+)aLγAΨ(+)bL
)
− 1
4
√
30
(
iA†(+)aij
↔
∂A A
ij
(+)b −Ψ(+)aijLγAΨij(+)bL
)
+
1
2
√
30
(
iAi†(+)a
↔
∂A A(+)bi −Ψi(+)aLγAΨ(+)biL
)
]V ′A
+[
1√
6
(
iAi†(+)a
↔
∂A A(+)b −Ψi(+)aLγAΨ(+)bL
)
]V ′Ai
+[
1√
6
(
iA†(+)a
↔
∂A A(+)bi −Ψ(+)aLγAΨ(+)biL
)
]V ′Ai
+[− 1
4
√
2
(
iA†(+)alm
↔
∂A A(+)b −Ψ(+)almLγAΨ(+)bL
)
+
1
24
√
2
ǫijklm
(
iAi†(+)a
↔
∂A A
jk
(+)b −Ψ
i
(+)aLγAΨ
jk
(+)bL
)
]V ′Alm
+[− 1
4
√
2
(
iA†(+)a
↔
∂A A
lm
(+)b −Ψ(+)aLγAΨlm(+)bL
)
+
1
24
√
2
ǫijklm
(
iA†(+)aij
↔
∂A A(+)bk −Ψ(+)aijLγAΨ(+)bkL
)
]V ′Alm
+[
1
6
√
2
(
iA†(+)aik
↔
∂A A
kj
(+)b −Ψ(+)aikLγAΨkj(+)bL
)
4
− 1
2
√
2
(
Aj†(+)a
↔
∂A A(+)bi + iΨ
j
(+)aLγAΨ(+)biL
)
]V ′iAj
+[
1
6
√
6
ǫijklm
(
iAi†(+)a
↔
∂A A
jn
(+)b −Ψ
i
(+)aLγAΨ
jn
(+)bL
)
]V ′Aklmn
+[− 1
6
√
6
ǫijklm
(
iA†(+)ain
↔
∂A A(+)bj −Ψ(+)ainLγAΨ(+)bjL
)
]V ′Anklm
+[− 1
4
√
6
(
iA†(+)aij
↔
∂A A
kl
(+)b −Ψ(+)aijLγAΨkl(+)bL
)
]V ′Aijkl
− i
2
√
5
6
[
−A†(+)aΨ(+)bR +
1
10
A†(+)aijΨ
ij
(+)bR −
1
5
Ai†(+)aΨ(+)biR
]
Λ
′
L
+
i√
3
[
Ai†(+)aΨ(+)bR
]
Λ
′
iL +
i√
3
[
A†(+)aΨ(+)biR
]
Λ
′i
L
− i
4
[
A†(+)almΨ(+)bR −
1
6
ǫijklmA
i†
(+)aΨ
jk
(+)bR
]
Λ
′lm
L
− i
4
[
A†(+)aΨ
lm
(+)bR −
1
6
ǫijklmA†(+)aijΨ(+)bkR
]
Λ
′
lmL
− i
2
[
−1
3
A†(+)aikΨ
kj
(+)bR +A
j†
(+)aΨ(+)biR
]
Λ
′i
jL
+
i
6
√
3
ǫijklm
[
Ai†(+)aΨ
jn
(+)bR
]
Λ
′klm
nL −
i
6
√
3
ǫijklm
[
A†(+)ainΨ(+)bjR
]
Λ
′n
klmL
− i
4
√
3
[
A†(+)aijΨ
kl
(+)bR
]
Λ
′ij
klL
− i
2
√
5
6
[
−Ψ(+)aLA(+)b + 1
10
Ψ(+)aijLA
ij
(+)b −
1
5
Ψ
i
(+)aLA(+)bi
]
Λ
′
R
− i√
3
[
Ψ
i
(+)aLA(+)b
]
Λ
′
iR −
i√
3
[
Ψ(+)aLA(+)bi
]
Λ
′i
R
+
i
4
[
Ψ(+)almLA(+)b − 1
6
ǫijklmΨ
i
(+)aLA
jk
(+)b
]
Λ
′lm
R
+
i
4
[
Ψ(+)aLA
lm
(+)b −
1
6
ǫijklmΨ(+)aijLA(+)bk
]
Λ
′
lmR
+
i
2
[
−1
3
Ψ(+)aikLA
kj
(+)b +Ψ
j
(+)aLA(+)bi
]
Λ
′i
jR}
− i
6
√
3
ǫijklm
[
Ψ
i
(+)aLA
jn
(+)b
]
Λ
′klm
nR +
i
6
√
3
ǫijklm
[
Ψ(+)ainLA(+)bj
]
Λ
′n
klmR
+
i
4
√
3
[
Ψ(+)aijLA
kl
(+)b
]
Λ
′ij
klR}+ L(210)(3)auxiliary
L
(210)
(3)auxiliary =
h
(210+)
ab g
(210)
4!2
< A(+)a|Γ[µΓνΓρΓλ]|A(+)b > Dµνρλ (6)
where
Ai†(+)a
↔
∂A A(+)bi
def
= Ai†(+)a∂AA(+)bi −
(
∂AA
i†
(+)a
)
A(+)bi
5
ΛR,L =
1± γ5
2
Λ
Λijkl =
(
λiα˜jkl
λ
˙˜αi
jkl
)
(7)
and so on. Similarly for the 16−16− couplings we find
h
(210−)
ab g
(210)
4!
< Φ̂(−)a|V̂µνρλΓ[µΓνΓρΓλ]|Φ̂(−)b > |θ2θ¯2
= h
(210−)
ab g
(210){[1
2
√
5
6
(
iA†(−)a
↔
∂A A(−)b −Ψ(−)aLγAΨ(−)bL
)
− 1
4
√
30
(
iAij†(−)a
↔
∂A A(−)bij −Ψij(−)aLγAΨ(−)bijL
)
+
1
2
√
30
(
iA†(−)ai
↔
∂A A
i
(−)b + iΨ(−)aiLγAΨ
i
(−)bL
)
]V ′A
+[
1√
6
(
iA†(−)a
↔
∂A A
i
(−)b −Ψ(−)aLγAΨi(−)bL
)
]V ′Ai
+[
1√
6
(
iA†(−)ai
↔
∂A A(−)b −Ψ(−)aiLγAΨ(−)bL
)
]V ′Ai
+[
1
4
√
2
(
A†(−)a
↔
∂A A(−)blm + iΨ(−)aLγAΨ(−)blmL
)
− 1
24
√
2
ǫijklm
(
iAij†(−)a
↔
∂A A
k
(−)b −Ψij(−)aLγAΨk(−)bL
)
]V ′Alm
+[
1
4
√
2
(
iAlm†(−)a
↔
∂A A(−)b −Ψlm(−)aLγAΨ(−)bL
)
− 1
24
√
2
ǫijklm
(
iA†(−)ai
↔
∂A A(−)bjk −Ψ(−)aiLγAΨ(−)bjkL
)
]V ′Alm
+[
1
6
√
2
(
iAjk†(−)a
↔
∂A A(−)bki −Ψjk(−)aLγAΨ(−)bkiL
)
− 1
2
√
2
(
iA†(−)ai
↔
∂A A
j
(−)b −Ψ(−)aiLγAΨj(−)bL
)
]V ′iAj
+[
1
12
√
6
ǫijklm
(
iAij†(−)a
↔
∂A A
n
(−)b −Ψij(−)aLγAΨn(−)bL
)
]V ′Aklmn
+[
1
12
√
6
ǫijklm
(
iA†(−)an
↔
∂A A(−)bij −Ψ(−)anLγA+Ψ(−)bijL
)
]V ′Anklm
+[− 1
4
√
6
ǫijklm
(
iAkl†(−)a
↔
∂A A(−)bij −Ψkl(−)aLγAΨ(−)bijL
)
]V ′Aijkl
− i
2
√
5
6
[
−A†(−)aΨ(−)bR +
1
10
Aij†(−)aΨ(−)bijR −
1
5
A†(−)aiΨ
i
(−)bR
]
Λ
′
L
+
i√
3
[
A†(−)aΨ
i
(−)bR
]
Λ
′
iL +
i√
3
[
A†(−)aiΨ(−)bR
]
Λ
′i
L
+
i
4
[
A†(−)aΨ(−)blmR −
1
6
ǫijklmA
ij†
(−)aΨ
k
(−)bR
]
Λ
′lm
L
6
+
i
4
[
Alm†(−)aΨ(−)bR −
1
6
ǫijklmA†(−)aiΨ(−)bjkR
]
Λ
′
lmL
− i
2
[
−1
3
Ajk†(−)aΨ(−)bkiR +A
†
(−)aiΨ
j
(−)bR
]
Λ
′i
jL
+
i
6
√
3
ǫijklm
[
Aij†(−)aΨ
n
(−)bR
]
Λ
′klm
nL +
i
6
√
3
ǫijklm
[
A†(−)anΨ(−)bijR
]
Λ
′n
klmL
− i
4
√
3
[
Akl†(−)aΨ(−)bijR
]
Λ
′ij
klL
+
i
2
√
5
6
[
−Ψ(−)aLA(−)b + 1
10
Ψ
ij
(−)aLA(−)bij −
1
5
Ψ(−)aiLA
i
(−)b
]
Λ
′
R
− i√
3
[
Ψ(−)aLA
i
(−)b
]
Λ
′
iR −
i√
3
[
Ψ(−)aiLA(−)b
]
Λ
′i
R
− i
4
[
Ψ(−)aLA(−)blm − 1
6
ǫijklmΨ
ij
(−)aLA
k
(−)b
]
Λ
′lm
R
− i
4
[
Ψ
lm
(−)aLA(−)b −
1
6
ǫijklmΨ(−)aiLA(−)bjk
]
Λ
′
lmR
+
i
2
[
−1
3
Ψ
jk
(−)aLA(−)bki +Ψ(−)aiLA
j
(−)b
]
Λ
′i
jR
− i
6
√
3
ǫijklm
[
Ψ
ij
(−)aLA
n
(−)b
]
Λ
′klm
nR −
i
6
√
3
ǫijklm
[
Ψ(−)anLA(−)bij
]
Λ
′n
klmR
+
i
4
√
3
[
Ψ
kl
(−)aLA(−)bij
]
Λ
′ij
klR}+ L(210)(4)auxiliary
L
(210)
(4)auxiliary =
h
(210−)
ab g
(210)
4!2
< A(−)a|Γ[µΓνΓρΓλ]|A(−)b > Dµνρλ (8)
Further, the kinetic energy for the vector multiplet is given by
L
(210 K.E.)
V =
1
64
[
Ŵ α˜µνρλŴα˜µνρλ|θ2 + Ŵ ˙˜αµνρλŴ
˙˜α
µνρλ|θ¯2
]
Ŵ α˜µνρλ = D2Dα˜V̂µνρλ, Ŵ ˙˜αµνρλ = D2D ˙˜αV̂µνρλ
Dα˜ =
∂
∂θα˜
+ iσA
α˜ ˙˜αθ
˙˜α
∂A; D ˙˜α = −
∂
∂θ
˙˜α
− iθα˜σα˜ ˙˜α (9)
Explicit evaluation of Eq.(1) gives
L
(210 K.E.)
V = −
1
4
VABµνρσVABµνρσ −
i
2
Λµνρσγ
A∂AΛµνρσ + L
(210)
(5)auxiliary
VABµνρσ = ∂AVBµνρσ − ∂BVAµνρσ
L
(210)
(5)auxiliary =
1
2
DµνρσDµνρσ
Λµνρσ =
(
λα˜µνρσ
λ
˙˜α
µνρσ
)
(10)
Finally, the superpotential of the theory is taken to be
L
(210)
W = W(Φ̂(+), Φ̂(−))|θ2 + h.c.
7
W(Φ̂(+), Φ̂(−)) = µab < Φ̂
∗
(−)a|B|Φ̂(+)b >
W(A(+),A(−)) = iµab
(
AT(−)aA(+)b −
1
2
AT(−)aijA
ij
(+)b +A
iT
(−)aA(+)bi
)
(11)
where µab is taken to be a symmetric tensor and B is the usual SO(10)charge
conjugation operator . Thus we have
LW = −iµab
(
Ψ(−)aRΨ(+)bL +Ψ
i
(−)aRΨ(+)biL −
1
2
Ψ(−)aijRΨ
ij
(+)bL
)
+iµ∗ab
(
Ψ(−)aLΨ(+)bR +Ψ(−)aiLΨ
i
(+)bR −
1
2
Ψ
ij
(−)aLΨ(+)bijR
)
+ L
(210)
(6)auxiliary
L
(210)
(6)auxiliary = iµab[F(−)aA(+)b +A
T
(−)aF(+)b −
1
2
F(−)aijA
ij
(+)b
−1
2
AT(−)aijF
ij
(+)b + F
i
(−)aA(+)bi +A
iT
(−)aF(+)bi] + h.c. (12)
Elimination of the auxiliary fields is carried out in appendix C.
3 A more general analysis of 16+ − 16+ − 210 vec-
tor couplings
In this section we consider the couplings of the unconstrained 210 vector multiplet
with matter, i.e., in the analysis we use the full vector multiplet rather than the
truncated one under the constraint of the Wess-Zumino gauge. An illustration of
this procedure is given in Appendix G for the U(1) case. The Lagrangian that
governs the interactions of the 210 multiplet consists of the kinetic energy term
for the 210 plet, self interactions, and interactions of the 210 plet with 16 and 16
of matter. For generality we also include a mass term for the 210 vector multiplet.
As in Appendix G we will not impose the Wess-Zumino gauge but keep the full
multiplet. Thus we take the Lagrangian governing the 210 vector multiplet to be
L(210) = L
′(210 K.E.)
V + L
′(210 Mass)
V + L
′(210 Self−Interaction)
V + L
′(210 Interaction)
V+Φ + L
′(210 Self−Interaction)
Φ
L
′(210 K.E.)
V =
1
64
[
Ŵ α˜µνρλŴα˜µνρλ|θ2 + Ŵ ˙˜αµνρλŴ
˙˜α
µνρλ|θ¯2
]
L
′(210 Mass)
V = m
2V̂µνρλV̂µνρλ|θ2θ¯2
L
′(210 Self−Interaction)
V = α1V̂µνρλV̂ρλαβV̂αβµν |θ2θ¯2 + α2V̂µνρλV̂ρλαβV̂αβητ V̂ητµν |θ2θ¯2
L
′(210 Interaction)
V+Φ =
h
(210)
ab
4!
Φ̂†aV̂µνρλΓ[µΓνΓρΓλ]Φ̂b|θ2θ¯2
L̂
′(210 Self−Interaction)
Φ = Φ̂
†
aΦ̂a|θ2θ¯2 (13)
8
In the above the Greek subscripts(α, β, ...) are the SO(10) indices. One could,
of course, add more interactions, for example, in L
′(210 Self−Interaction)
V such as V
5
etc which are allowed once one gives up the Wess-Zumino gauge. Similarly in
L
′(210 Interaction)
V+Φ one may add additional terms as well. However, the line of con-
struction remains unchanged and the inclusion of additional terms only brings in
more complexity. Thus to keep the analysis simple we omit such terms. Evaluating
Eq.(13) we get
L(210) = −1
4
VABXYVABXY −
1
2
m2VAXYVAXY −
1
2
∂ABXY∂ABXY − iΛXYγA∂AΛXY −mΛXYΛXY
−∂AA†a∂AAa − iΨaLγA∂AΨaL −
h
(210)
ab
24m
BXY(∂
AA†a)Γ˜XY∂AAb
−h
(210)
ab
96m
∂A
(
A†aΓ˜XYAb
)
∂ABXY +
ih
(210)
ab
48
[
A†aΓ˜XY∂
AAb − (∂AA†a)Γ˜XYAb
]
VAXY
+
h
(210)
ab
48m
√
2
[(
ΨaLγ
AΓ˜XYΛLXY
)
∂AAb + ∂AA
†
a
(
ΛLXYγ
AΓ˜XYΨbL
)]
+
h
(210)
ab
24m
√
2
[(
ΨaLγ
AΓ˜XY∂AΛLXY
)
Ab −A†a
(
ΛLXYγ
AΓ˜XY∂AΨbL
)]
−ih
(210)
ab
24
√
2
[(
ΨaLΓ˜XYΛRXY
)
Ab −A†a
(
ΛRXYΓ˜XYΨbL
)]
−h
(210)
ab
48
ΨaLγ
AΓ˜XYΨbLVAXY − ih
(210)
ab
24m
ΨaLγ
AΓ˜XY∂A(ΨbL)BXY
− 1
m3
(
3α1
4
BWY +
α2
m
BWXBXY
)
∂ABYZ∂
ABZW − 3
m
(
α1
2
BWY +
α2
m
BWXBXY
)
VAYZVAZW
+
3
m3
(
α1BWY +
2α2
m
BWXBXY
)(
iΛLYZγ
A∂AΛLZW −mΛYZΛZW
)
+
3
m2
(
α1
2
δWX +
2α2
m
BWX
)(
ΛLXYγ
AΛLYZ
)
VAZW
+
3α2
2m4
(
Λ
c
RWXΛLXY
) (
ΛLYZΛ
c
RZW
)
+ L
′ 210
auxiliary(14)
Where we have defined for brevity
Γ˜XY = Γ[µΓνΓρΓλ]; BXY = Bµνρσ; VAXYVAYZ = VAµνρσVAρσλτ (15)
and so on. Further
Λ =
(
mχα˜
λ
˙˜α
)
, Ψa =
(
ψaα˜
ψ
˙˜α
a
)
, B = mC,
Λc = CΛT , C =
(
iσ2 0
0 iσ2
)
, Λ = Λ†γ0 (16)
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Note that each of the chiral fields, S (≡ A,Ψ, F ) can be expanded in terms of its
SU(5) components as |Sa >= |0 > Sa + 12b†ib†j |0 > Sija + 124ǫijklmb†jb†kb†l b†m|0 > Sai.
We will expand some of the terms appearing in Eq.(14) in appendix D.
The Lagrangian containing the auxiliary fields is given by
L
′ 210
auxilliary =
mBZW + 3α1
2m2
BWXBXZ +
2α2
m3
BWXBXYBYZ +
h
(210)
ab
48
A†aΓ˜ZWAb
DZW + 1
2
DXYDXY
+
(
1
2
m2δYW +
3α1
2m
BYW +
3α2
m2
BWXBXY
)
(MYZMZW +NYZNZW)
+i
h(210)ab
48
F †a Γ˜ZWAb +
3
m2
(
α1
4
δWX +
α2
m
BWX
) (
ΛLXYΛ
c
RYZ
) (MZW + iNZW)
−i
h(210)ab
48
A†aΓ˜ZWFb +
3
m2
(
α1
4
δWX +
α2
m
BWX
) (
Λ
c
RXYΛLYZ
) (MZW − iNZW)
+
ih
(210)
ab
24m
√
2
(
ΛLXYΨaRΓ˜XY
)
Fb − ih
(210)
ba
24m
√
2
(
Γ˜XYΨaRΛLXY
)
F
†
b
+
h
(210)
ab
24m
BXYF
†
a Γ˜XYFb + F
†
aFa (17)
Finally, eliminating the auxiliary fields we obtain
L
′
auxilliary = −
1
2
m2BXYBYX − 3α1
2m
BXYBYZBZX −
(
9α1
2
8m4
+
2α2
m2
)
BWXBXYBYZBZW
−3α1α2
m5
BVWBWXBXYBYZBZV − 2α2
2
m6
BUVBVWBWXBXYBYZBZU
−h
(210)
ab h
(210)
cd
4608
(
A†aΓ˜XYAb
) (
A†cΓ˜XYAd
)
− mh
(210)
ab
48
(
A†aΓ˜XYAb
)
BXY
−h
(210)
ab α1
32m2
(
A†aΓ˜XYAb
)
BXZBZY − h
(210)
ab α2
24m3
(
A†aΓ˜XYAb
)
BXWBWZBZY
−1
2
m2
[
KWX(P
−1)WXYZKYZ + JWX(P
−1)WXYZJYZ
]
− ih
(210)
ab
24m
√
2
(Q−1)acRcΓ˜XYΨbRΛLXY
+
h
(210)
ab
8m4
A†aΓ˜UV(S
−1)bcTc(P
−1)UVXY
(
α1
4
δYW +
α2
m
BYW
)
ΛLWZΛ
c
RZX (18)
where
PUVXY = δUXδVY +
3α1
2m3
(δUYBVX +BUXδVY) +
3α2
m4
(δUYBVWBWX +BUWBWYδXV)
Qbc = δbc +
h
(210)
bc
24m
Γ˜XYBXY − h
(210)
ac h
(210)
bd
1152m2
A†aΓ˜UV(P
−1)UVXYΓ˜XYAd
Sbc = δbc +
h
(210)
cb
24m
Γ˜XYBXY − h
(210)
cd h
(210)
ab
1152m2
Γ˜UVAd(P
−1)UVXYA
†
aΓ˜XY
10
Rc = − ih
(210)
ac
24m
√
2
ΛLXYΨaRΓ˜XY +
h
(210)
ac
8m4
A†aΓ˜UV(P
−1)UVXY
(
α1
4
δYW +
α2
m
BYW
)
ΛLWZΛ
c
RZX
Tc =
ih
(210)
ca
24m
√
2
Γ˜XYΨaRΛLXY +
h
(210)
ca
8m4
Γ˜UVAa(P
−1)UVXY
(
α1
4
δYW +
α2
m
BYW
)
Λ
c
RWZΛLZX
KXY = −ih
(210)
ab
48m2
[
(Q−1)acRcΓ˜XYAb − A†aΓ˜XY(S−1)bcTc
]
− 3i
m4
(
α1
4
δXU +
α2
m
BXU
) (
ΛLUVΛ
c
RVY − ΛcRUVΛLVY
)
JXY =
h
(210)
ab
48m2
[
(Q−1)acRcΓ˜XYAb + A
†
aΓ˜XY(S
−1)bcTc
]
+
3
m4
(
α1
4
δXU +
α2
m
BXU
) (
ΛLUVΛ
c
RVY + Λ
c
RUVΛLVY
)
(19)
4 Conclusion
In this paper we have given an explicit computation of the couplings of the 210
dimensional SO(10) vector mutliplet. Specifically, we have computed the vec-
tor couplings 16± − 16± − 210 in terms of its SU(5) × U(1) decomposition. We
approached this coupling from two view points. First, we use the conventional
approach of using the Wess-Zumino gauge. However, since the 210 couplings are
not expected to be gauge invariant and hence such interactions are not expected
to be renormalizable, we also consider a nonlinear sigma model type couplings of
210 with matter. Such couplings arise when we consider the full 210 multiplet
without using the Wess-Zumino gauge. Here elimination of the auxiliary fields
leads to interactions of the vector multiplet with the chiral fields with nonlinear-
ities of infinite order as in a nonlinear sigma model. Although couplings of the
type discussed do not thus far appear in theories of fundamental interactions a 210
vector multiplet may arise as a condensate in effective theories. The analysis we
have presented here concludes our effort to give a complete analytic computation
of all lowest order couplings involving the 16± of matter with Higgs and vector
multiplets. Although the analysis given here is specific to the case of the vector
couplings 16± − 16± − 210 the techniques developed here are general and can be
applied to other cases where the dimensionality of the vector mulitiplet does not
equal the dimensionality of the adjoint representation of the group.
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5 Appendix A
In this section we define the notation for the components of the vector superfield
and for the chiral superfield used in the text. For the vector superfield we have
the expansion
V̂ = C(x) + iθχ(x)− iθ¯χ(x) + i
2
θ2 [M(x) + iN(x)]− i
2
θ¯2 [M(x)− iN(x)] − θσAθ¯VA(x)
+iθ2θ¯
[
λ(x) +
i
2
σA∂Aχ(x)
]
− iθ¯2θ
[
λ(x) +
i
2
σA∂Aχ(x)
]
+
1
2
θ2θ¯2
[
D(x) +
1
2
∂A∂
AC(x)
]
(20)
while for the chiral superfields we have the expansion
Φ̂a = Aa(x) +
√
2θψa + θ
2Fa(x) + iθσ
Aθ¯∂AAa(x)
+
i√
2
θ2θ¯σA∂Aψa(x) +
1
4
θ2θ¯2∂A∂
AAa(x)
Φ̂†a = A
†
a(x) +
√
2θ¯ψa + θ¯
2F †a (x)− iθσAθ¯∂AA†a(x)
+
i√
2
θ¯2θσA∂Aψa(x) +
1
4
θ2θ¯2∂A∂
AA†a(x) (21)
6 Appendix B
In this appendix we normalize the irreducible SU(5) tensors contained in a 210
vector VAµνρσ, a 210 scalar Bµνρσ, and a 210 spinor Λµνρσ. Latin letters (i, j, k, ...) are
used to denote the SU(5) indices. The normalized SU(5) gauge tensors appearing
in VAµνρσ are
VA = 4
√
10
3
V ′A; V iA = 8
√
6V ′iA; VAi = 8
√
6V ′Ai
V ijA =
√
2V ′ijA ; VAij =
√
2V ′Aij; VjAi =
√
2V ′jAi
V ijkAl =
√
2
3
V ′ijkAl ; V iAjkl =
√
2
3
V ′iAjkl; V ijAkl =
√
2
3
V ′ijAkl (22)
so that
−1
4
VABµνρσVABµνρσ = −
1
2
V ′ABV
′AB† − 1
2
V ′iABV
′ABi† − 1
2!
1
2
V ′ijABV
′ABij†
−1
4
V ′iABjV
′ABj
i −
1
3!
1
2
V ′ijkABlV
′ABijk†
l −
1
2!
1
2!
1
4
V ′ijABklV
′ABkl
ij (23)
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The normalized SU(5) fields appearing in Bµνρσ are
B = 4
√
10
3
B
′
; Bi = 8
√
6B
′i; Bi = 8
√
6B
′
i
Bij =
√
2B
′ij; Bij =
√
2B
′
ij; B
j
i =
√
2B
′j
i
B
ijk
l =
√
2
3
B
′ijk
l ; Bjkl =
√
2
3
B
′i
jkl; B
ij
kl =
√
2
3
B
′ij
kl (24)
so that
−1
2
∂ABµνρσ∂ABµνρσ = −∂AB′∂AB′† − ∂AB′i∂AB′i† − 1
2!
∂AB
′ij∂AB
′ij†
−1
2
∂AB
′i
j ∂AB
′j
i −
1
3!
∂AB
′ijk
l ∂AB
′ijk†
l −
1
2!
1
2!
1
2
∂AB
′ij
kl ∂AB
′kl
ij (25)
The normalized SU(5) fields appearing in Λµνρσ are
Λ = 4
√
5
3
Λ
′
; Λi = 8
√
6Λ
′i; Λi = 8
√
6Λ
′
i
Λij =
√
2Λ
′ij ; Λij =
√
2Λ
′
ij; Λ
j
i =
√
2Λ
′j
i
Λijkl =
√
2
3
Λ
′ijk
l ; Λjkl =
√
2
3
Λ
′i
jkl; Λ
ij
kl =
√
2
3
Λ
′ij
kl (26)
so that
−iΛµνρσγA∂AΛµνρσ = −iΛ
′
γA∂AΛ
′ − iΛ′iγA∂AΛ′i − iΛ
′i
γA∂AΛ
′i
− 1
2!
iΛ
′
ijγ
A∂AΛ
′
ij −
1
2!
iΛ
′ij
γA∂AΛ
′ij − iΛ′ij γA∂AΛ
′i
j
− 1
3!
iΛ
′ijk
l γ
A∂AΛ
′ijk
l −
1
3!
iΛ
′l
ijkγ
A∂AΛ
′l
ijk −
1
2!
1
2!
iΛ
′ij
kl γ
A∂AΛ
′ij
kl (27)
7 Appendix C
In this appendix we eliminate the auxiliary fields, Dµνρσ and F(±) of section 2. We
find
L
(210)
(3)auxiliary + L
(210)
(4)auxiliary + L
(210)
(5)auxiliary
= − 1
4608
g
(210)2h
(210+)
ab h
(210+)
cd < A(+)a|Γ[µΓνΓρΓλ]|A(+)b >< A(+)c|Γ[µΓνΓρΓλ]|A(+)d >
− 1
4608
g
(210)2h
(210−)
ab h
(210−)
cd < A(−)a|Γ[µΓνΓρΓλ]|A(−)b >< A(−)c|Γ[µΓνΓρΓλ]|A(−)d >
− 1
2304
g
(210)2h
(210+)
ab h
(210−)
cd < A(+)a|Γ[µΓνΓρΓλ]|A(+)b >< A(−)c|Γ[µΓνΓρΓλ]|A(−)d >(28)
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SU(5)expansion of these expressions gives
− 1
4608
g
(210)2h
(210+)
ab h
(210+)
cd < A(+)a|Γ[µΓνΓρΓλ]|A(+)b >< A(+)c|Γ[µΓνΓρΓλ]|A(+)d >
= g
(210)2{− 1
6144
(
η
(210++)
ab,cd + 8η
(210++)
ad,cb
)
A†(+)aijA
ij
(+)bA
†
(+)cklA
kl
(+)d
− 1
768
(
η
(210++)
ab,cd + 8η
(210++)
ad,cb
)
A†(+)aA(+)bA
i†
(+)cA(+)di
+
1
512
(
11η
(210++)
ab,cd − 2η
(210++)
ad,cb
)
A†(+)aijA
ij
(+)bA
k†
(+)cA(+)dk
+
1
192
(
η
(210++)
ab,cd + 2η
(210++)
ad,cb
)
A†(+)aijA
jk
(+)bA
i†
(+)cA(+)dk
+
1
1536
(
25η
(210++)
ab,cd + 18η
(210++)
ad,cb
)
Ai†(+)aA(+)biA
j†
(+)cA(+)dj
+
1
1536
(
η
(210++)
ab,cd − 6η
(210++)
ad,cb
)
A†(+)aA(+)bA
†
(+)cijA
ij
(+)d
+η
(210++)
ab,cd [
1
1536
ǫijklmA
†
(+)aA
ij
(+)bA
k†
(+)cA
lm
(+)d +
1
1536
ǫijklmA†(+)aijA(+)bkA
†
(+)clmA(+)d
+
1
768
A†(+)aijA
jk
(+)bA
†
(+)cklA
li
(+)d −
5
1536
A†(+)aA(+)bA
†
(+)cA(+)d]}(29)
− 1
4608
g
(210)2h
(210−)
ab h
(210−)
cd < A(−)a|Γ[µΓνΓρΓλ]|A(−)b >< A(−)c|Γ[µΓνΓρΓλ]|A(−)d >
= g
(210)2{− 1
6144
(
η
(210−−)
ab,cd + 16η
(210−−)
ad,cb
)
Aij†(−)aA(−)bijA
kl†
(−)cA
kl
(−)d
− 1
768
(
11η
(210−−)
ab,cd + 8η
(210−−)
ad,cb
)
A†(−)aA(−)bA
†
(−)ciA
i
(−)d
− 1
1536
(
5η
(210−−)
ab,cd + 6η
(210−−)
ad,cb
)
Aij†(−)aA(−)bijA
†
(−)ckA
k
(−)d
+
1
384
(
η
(210−−)
ab,cd + η
(210−−)
ad,cb
)
Aij†(−)aA(−)bjkA
†
(−)ciA
k
(−)d
+
1
1536
(
η
(210−−)
ab,cd − 6η
(210−−)
ad,cb
)
A†(−)aiA
i
(−)bA
†
(−)cjA
j
(−)d
− 1
1536
(
29η
(210−)
ab,cd + 18η
(210−−)
ad,cb
)
A†(−)aA(−)bA
ij†
(−)cA(−)dij
+η
(210−−)
ab,cd [
5
1536
ǫijklmA
ij†
(−)aA(−)bA
kl†
(−)cA
m
(−)d +
5
1536
ǫijklmA†(−)aiA(−)bjkA
†
(−)cA(−)dlm
− 1
256
Aij†(−)aA(−)bjkA
kl†
(−)cA(−)dli +
25
1536
A†(−)aA(−)bA
†
(−)cA(−)d]}(30)
− 1
2304
g
(210)2h
(210+)
ab h
(210−)
cd < A(+)a|Γ[µΓνΓρΓλ]|A(+)b >< A(−)c|Γ[µΓνΓρΓλ]|A(−)d >
=
g
(210)2η
(210+−)
ab,cd
192
{−10A†(+)aA(+)bA†(−)cA(−)d + 2A†(+)aA(+)bAij†(−)cA(−)dij
−4A†(+)aA(+)bA†(−)ciAi(−)d − 32A†(+)aA(+)biA†(−)cAi(−)d
14
−4A†(+)aAij(+)bA†(−)cA(−)dij − 32Ai†(+)aA(+)bA†(−)ciA(−)d
+12Ai†(+)aA
jk
(+)bA
†
(−)ciA(−)djk − 8Ai†(+)aAjk(+)bA†(−)cjA(−)dki
+18Ai†(+)aA(+)biA
jk†
(−)cA(−)djk + 4A
i†
(+)aA(+)biA
†
(−)cjA
j
(−)d
−56Ai†(+)aA(+)bjAjk†(−)cA(−)dki − 24Ai†(+)aA(+)bjA†(−)ciAj(−)d
−164Ai†(+)aA(+)biA†(−)cA(−)d − 4A†(+)aijA(+)bAij†(−)cA(−)d
−8A†(+)aijA(+)bkAjk†(−)cAi(−)d + 8A†(+)aijA(+)bkAij†(−)cAk(−)d
−A†(+)aijAij(+)bAkl†(−)cA(−)dkl + 8A†(+)aijAjk(+)bAil†(−)cA(−)dlk
+8A†(+)aijA
jk
(+)bA
†
(−)ckA
i
(−)d − 38A†(+)aijAij(+)bA†(−)cA(−)d
+2A†(+)aijA
ij
(+)bA
†
(−)ckA
k
(−)d − 8A†(+)aijAkl(+)bAij†(−)cA(−)dkl
+14ǫijklmA†(+)aijA(+)bkA
†
(−)cA(−)dlm + 14ǫijklmA
i†
(+)aA
jk
(+)bA
lm†
(−)cA(−)d
−2ǫijklmA†(+)aijA(+)bA†(−)ckA(−)dlm − 2ǫijklmA†(+)aAij(+)bAkl†(−)cAm(−)d}(31)
where η’s are defined by
η
(210++)
ab,cd = h
(210+)
ab h
(210+)
cd ; η
(210−−)
ab,cd = h
(210−)
ab h
(210−)
cd ; η
(210+−)
ab,cd = h
(210+)
ab h
(210−)
cd (32)
We also find
L
(210)
(1)auxiliary + L
(210)
(2)auxiliary + L
(210)
(6)auxiliary
= −
(
µ∗[h
(210−)
]−1[h
(210−)
]T[h
(210−)
]−1µ
)
ab
[
A†(+)aA(+)b +
1
4
A†(+)aijA
ij
(+)b +A
i†
(+)aA(+)bi
]
−
(
µ[h
(210+)
]−1Th
(210+)
[h
(210+)
]−1Tµ∗
)
ab
[
AT(−)aA
∗
(−)b +
1
4
AT(−)aijA
ij∗
(−)b +A
iT
(−)aA
∗
(−)bi
]
(33)
8 Appendix D
In this appendix we exhibit, for the benefit of the reader, a few SU(5) expansions of
the terms appearing in our final Lagrangian Eq.(14). We begin by noting that any
of the chiral fields S (≡ A,Ψ, F ) can be expanded in terms of its SU(5) components
as
|Sa >= |0 > Sa + 1
2
b
†
ib
†
j |0 > Sija +
1
24
ǫijklmb
†
jb
†
kb
†
l b
†
m|0 > Sai (34)
Together with the normalizations of appendix B and the basic theorem given in
Ref.[3], we can expand terms such as
h
(210)
ab
48m
√
2
(
ΨaLγ
AΓ˜XYΛLXY
)
∂AAb =
h
(210)
ab
48m
√
2
(
ΨaLγ
AΓ[µΓνΓρΓλ]∂AAb
)
ΛLµνρσ
=
h
(210)
ab
m
[
1
8
√
30
(
10ΨaLγ
A∂AAb −ΨaijLγA∂AAijb + 2ΨiaLγA∂AAbi
)
Λ
′
L
15
+
1
2
√
3
(
Ψ
i
aLγ
A∂AAb
)
Λ
′
iL +
1
2
√
3
(
ΨaLγ
A∂AAbi
)
Λ
′i
L
+
1
48
(
−6ΨialmLγA∂AAb + ǫijklmΨiaLγA∂AAjkb
)
Λ
′lm
L
+
1
48
(
−6ΨaLγA∂AAlmb + ǫijklmΨaijLγA∂AAbk
)
Λ
′
lmL
+
1
12
(
−3ΨjaLγA∂AAib +ΨaikLγA∂AAkjb
)
Λ
′i
jL
+
1
12
√
3
(
ǫijklmΨ
i
aLγ
A∂AA
jn
b
)
Λ
′klm
nL −
1
12
√
3
(
ǫijklmΨainLγ
A∂AAbj
)
Λ
′n
klmL
− 1
8
√
3
(
ΨaijLγ
A∂AA
kl
b
)
Λ
′ij
klL] (35)
BWYVAYZVAZW = BµνρσVAρσλτVAλτµν = BµνρσVµνρσ
=
1
16
{BcicjckclVc¯ic¯j c¯k c¯l +Bc¯ic¯j c¯kc¯lVcicjckcl + 4Bcicjck c¯lVc¯ic¯j c¯kcl
+4Bc¯ic¯j c¯kclVcicjck c¯l + 6Bcicj c¯k c¯lVc¯ic¯jckcl} (36)
whereVµνρσ = VAρσλτVAλτµν . Thus we find
BcicjckclVc¯ic¯j c¯k c¯l =
1
2
Bcicjckcl
(
VAc¯ic¯jcmcnVAc¯mc¯nc¯k c¯l + VAc¯ic¯j c¯mcnVAcmc¯nc¯kc¯l
)
=
1
144
BiVjAVAij −
1
480
BiV iAVA −
1
48
ǫijklmBiVpAjknVAnplm
+
1
36
ǫijklmBiVnAjklVAnm −
1
144
ǫijklmBiVAjkVAlm (37)
Bc¯ic¯j c¯k c¯lVcicjckcl =
1
2
Bc¯ic¯j c¯k c¯l
(
VAcicjcmcnVAc¯mc¯nckcl + VAcicj c¯mcnVAcmc¯nckcl
)
=
1
144
BiVAjVAji −
1
480
BiVAiVA − 1
48
ǫijklmB
iVjknAp VAplmn
+
1
36
ǫijklmB
iVjklAnVAnm −
1
144
ǫijklmB
iV ijAVAkl (38)
4Bcicjck c¯lVc¯ic¯j c¯kcl = Bcicjck c¯l(VAc¯ic¯jcmcnVAc¯mc¯nc¯kcl + VAc¯ic¯j c¯mc¯nVAcmcnc¯kcl
+2VAc¯ic¯j c¯mcnVAcmc¯nc¯kcl)
= Bijkl VmnAijVAlmnk + 2Bijkl V lmAknVAnmij −
2
3
B
ijk
l V lmAjkVAmi
−2
3
B
ijk
l V lAjkmVAmi +
2
3
B
ijk
l VmAijkVAlm +
2
9
B
ijk
l VAjkVAli
−2
3
BijVkAjlmVAlmki −
2
3
BijVkAijlVAlk +
7
9
BijVklAijVAkl
+
28
27
BijVAjkVAki −
1
10
BijVAijVA − 1
24
ǫijklmB
ijn
p VkAVAlmpn
+
1
36
ǫijklmB
ijk
n V lAVAmn −
1
36
ǫijklmB
inVjAVAklmn +
1
36
ǫijklmB
ijVkAVAlm (39)
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4Bc¯ic¯j c¯kclVcicjckc¯l = Bc¯ic¯j c¯kcl(VAcicjcmcnVAc¯mc¯nckc¯l + VAcicj c¯mc¯nVAcmcnck c¯l
+2VAcicj c¯mcnVAcmc¯nck c¯l)
= BlijkVAijmnVmnkAl + 2BlijkVAknlm VmijAn −
2
3
BlijkVAjklm VmiA
−2
3
BlijkVAjkml V iAm +
2
3
BlijkVAijkm VmAl +
2
9
BlijkVAjkV iAl
−2
3
BijVAjlmk VkiAlm −
2
3
BijVAijlk VkAl +
7
9
BijVAijkl VklA
+
28
27
BijVAjkV iAk −
1
10
BijVAijVA − 1
24
ǫijklmB
p
ijnVAk VnAlmp
+
1
36
ǫijklmBnijkVAl VAmn −
1
36
ǫijklmBinVAj VnAklm +
1
36
ǫijklmBijVAk VAlm (40)
6Bcicj c¯kc¯lVc¯i c¯jckcl = Bcicj c¯kc¯l(
3
2
VAc¯ic¯jcmcnVAc¯mc¯nckcl +
3
2
VAc¯ic¯j c¯mc¯nVAcmcnckcl
+3VAc¯ic¯j c¯mcnVAcmc¯nckcl)
=
3
2
B
ij
klVAmnij VklAmn + 2BijklVAlnij VkAn −
3
20
B
ij
klVAklij VA
+2BijklVAkljm VmAi +
4
3
B
ij
klVAlj VkAi + 2BijVAklim VmjAkl
+
4
3
BijVAjkil V lAk −
4
9
BijVAjk VkAi −
2
15
BijVAji VA
− 3
20
BVAijkl VklAij −
2
15
BVAij VjAi −
3
200
BVAVA
+
1
48
BijVAjVAi −
1
480
BVAiVAi + 3BijklVAnijmVmklAn
+2BijklVAlijmVmkA + 2BijklVAklmj VAmi +
1
3
B
ij
klVAijVklA
−4BimVAjiklVklmAj −
4
3
BijVAjiklVklA −
4
3
BijVAjkli VAkl
+2BikVAijVjkA −
3
10
BVAijklVjklAi −
1
6
BVAijV ijA (41)
9 Appendix E
In this appendix we give the complete supersymmetric couplings containing the
singlet of SO(10).
L = L
(1 K.E.)
V + L
(1 Interaction)
V+Φ + L
(1)
W (42)
where
L
(1 K.E.)
V =
1
64
[
Ŵ α˜Ŵα˜|θ2 + Ŵ ˙˜αŴ
˙˜α|θ¯2
]
(43)
Ŵ α˜ = D2Dα˜V̂ (44)
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Thus we have
L
(1 K.E.)
V = −
1
4
VABVAB − i
2
ΛγADAΛ + L(1)(1)auxiliary
VAB = ∂AVBµν − ∂BVAµν
L
(1)
(1)auxiliary =
1
2
D2
Λ =
(
λα˜
λ
˙˜α
)
(45)
Further,
L
(1 Interaction)
V+Φ = h
(1+)
ab < Φ̂(+)a|eg
(1)
q
(+)
V̂|Φ̂(+)b > |θ2θ¯2
+h
(1−)
ab < Φ̂(−)a|eg
(1)
q
(−)
V̂|Φ̂(−)b > |θ2θ¯2 (46)
where q
(±)
are the U(1) charges. Expanding eg
(1)
q
(±)
we have
L
(1 Interaction)
V+Φ = h
(1+)
ab [< Φ̂(+)a|Φ̂(+)b > +g
(1)
q
(+)
< Φ̂(+)a|V̂|Φ̂(+)b >
+
1
2
g
(1)2q
(+)2 < Φ̂(+)a|V̂2|Φ̂(+)b >]|θ2θ¯2 + h
(1−)
ab [< Φ̂(−)a|Φ̂(−)b >
+g
(1)
q
(−)
< Φ̂(−)a|V̂|Φ̂(−)b > +1
2
g
(1)2q
(−)2 < Φ̂(−)a|V̂2|Φ̂(−)b >]|θ2θ¯2 (47)
where the quantities entering Eq.(47) are determined by Eqs.(48) -(54) below
h
(1+)
ab < Φ̂(+)a|Φ̂(+)b > |θ2θ¯2 = h
(1+)
ab [−∂AA†(+)a∂AA(+)b − ∂AAi†(+)a∂AA(+)bi
−∂AA†(+)aij∂AAij(+)b − iΨ(+)aLγA∂AΨ(+)bL
−iΨi(+)aLγA∂AΨ(+)biL − iΨ(+)aijLγA∂AΨij(+)bL] + L(1)(2)auxiliary
L
(1)
(2)auxiliary = h
(1+)
ab < F(+)a|F(+)b > (48)
h
(1−)
ab < Φ̂(−)a|Φ̂(−)b > |θ2θ¯2 = h
(1−)
ab [−∂AA†(−)a∂AA(−)b − ∂AA†(−)ai∂AAi(−)b
−∂AAij†(−)a∂AA(−)bij − iΨ(−)aLγA∂AΨ(−)bL
−iΨ(−)aiLγA∂AΨi(−)bL − iΨij(−)aLγA∂AΨ(−)bijL] + L(1)(3)auxiliary
L
(1)
(3)auxiliary = h
(1−)
ab < F(−)a|F(−)b > (49)
Ψ(±)a =
(
ψ(±)aα˜
ψ
˙˜α
(±)a
)
(50)
h
(1+)
ab g
(1)
q
(+)
< Φ̂(+)a|V̂|Φ̂(+)b > |θ2θ¯2
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= h
(1+)
ab g
(1)
q
(+){[1
2
(
iA†(+)a
↔
∂A A(+)b −Ψ(+)aLγAΨ(+)bL
)
+
1
4
(
iA†(+)aij
↔
∂A A
ij
(+)b −Ψ(+)aijLγAΨij(+)bL
)
+
1
2
(
iAi†(+)a
↔
∂A A(+)bi −Ψi(+)aLγAΨ(+)biL
)
]VA
+
i√
2
[
A†(+)aΨ(+)bR +
1
2
A†(+)aijΨ
ij
(+)bR +A
i†
(+)aΨ(+)biR
]
ΛL
− i√
2
[
Ψ(+)aLA(+)b +
1
12
Ψ(+)aijLA
ij
(+)b +Ψ
i
(+)aLA(+)bi
]
ΛR}+ L(1)(4)auxiliary
L
(1)
(4)auxiliary =
h
(1+)
ab g
(1)
q
(+)
2
< A(+)a|A(+)b > D (51)
h
(1−)
ab g
(1)
q
(−)
< Φ̂(−)a|V̂|Φ̂(−)b > |θ2θ¯2
= h
(1−)
ab g
(1)
q
(−){[1
2
(
iA†(−)a
↔
∂A A(−)b −Ψ(−)aLγAΨ(−)bL
)
+
1
4
(
Aij†(−)a
↔
∂A A(−)bij + iΨ
ij
(−)aLγAΨ(−)bijL
)
+
1
2
(
A†(−)ai
↔
∂A A
i
(−)b + iΨ(−)aiLγAΨ
i
(−)bL
)
]VA
+
i√
2
[
A†(−)aΨ(−)bR +
1
2
Aij†(−)aΨ(−)bijR +A
†
(−)aiΨ
i
(−)bR
]
ΛL
− i√
2
[
Ψ(−)aLA(−)b +
1
2
Ψ
ij
(−)aLA(−)bij +Ψ(−)aiLA
i
(−)b
]
ΛR}+ L(1)(5)auxiliary
L
(1)
(5)auxiliary =
h
(1−)
ab g
(1)
q
(−)
2
< A(−)a|A(−)b > D (52)
1
2
h
(1+)
ab g
(1)2q
(+)2 < Φ̂(+)a|V̂2|Φ̂(+)b > |θ2θ¯2
=
h
(1+)
ab g
(1)2q
(+)2
4
[A†(+)aA(+)b +
1
2
A†(+)aijA
ij
(+)b +A
i†
(+)aA(+)bi]VAVA (53)
1
2
h
(1−)
ab g
(1)2q
(−)2 < Φ̂(−)a|V̂2|Φ̂(−)b > |θ2θ¯2
=
h
(1−)
ab g
(1)2q
(−)2
4
[A†(−)aA(−)b +
1
2
Aij†(−)aA(−)bij +A
†
(−)aiA
i
(−)b]VAVA (54)
Finally, L
(1)
W appearing in Eq.(42) is given by
L
(1)
W = µab < Φ̂
∗
(−)a|B|Φ̂(+)b > |θ2 + h.c. (55)
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Evaluation of Eq.(55) gives
L
(1)
W = −iµab
(
Ψ(−)aRΨ(+)bL +Ψ
i
(−)aRΨ(+)biL −
1
2
Ψ(−)aijRΨ
ij
(+)bL
)
+iµ∗ab
(
Ψ(−)aLΨ(+)bR +Ψ(−)aiLΨ
i
(+)bR −
1
2
Ψ
ij
(−)aLΨ(+)bijR
)
+ L
(1)
(6)auxiliary
L
(1)
(6)auxiliary = iµab[F(−)aA(+)b +A
T
(−)aF(+)b −
1
2
F(−)aijA
ij
(+)b
−1
2
AT(−)aijF
ij
(+)b + F
i
(−)aA(+)bi +A
iT
(−)aF(+)bi] + h.c. (56)
Elimination of the auxiliary fields F(±) through their field equations gives
L
(1)
(2)auxiliary + L
(1)
(3)auxiliary + L
(1)
(6)auxiliary
= −
(
µ∗[h
(1−)
]−1[h
(1−)
]T[h
(1−)
]−1µ
)
ab
[
A†(+)aA(+)b +
1
4
A†(+)aijA
ij
(+)b +A
i†
(+)aA(+)bi
]
−
(
µ[h
(1+)
]−1Th
(1+)
[h
(1+)
]−1Tµ∗
)
ab
[
AT(−)aA
∗
(−)b +
1
4
AT(−)aijA
ij∗
(−)b +A
iT
(−)aA
∗
(−)bi
]
(57)
Similarly, after eliminating the field D we get
L
(1)
(1)auxiliary + L
(1)
(4)auxiliary + L
(1)
(5)auxiliary
= −1
8
g
(1)2h
(1+)
ab h
(1+)
cd q
(+)2 < A(+)a|A(+)b >< A(+)c|A(+)d >
−1
8
g
(1)2h
(1−)
ab h
(1−)
cd q
(−)2 < A(−)a|A(−)b >< A(−)c|A(−)d >
−1
4
g
(45)2h
(1+)
ab h
(1−)
cd q
(+)
q
(−)
< A(+)a|A(+)b >< A(−)c|A(−)d > (58)
−1
8
g
(1)2h
(1+)
ab h
(1+)
cd q
(+)2 < A(+)a|A(+)b >< A(+)c|A(+)d >
= −1
8
g
(1)2h
(1+)
ab h
(1+)
cd q
(+)2[A†(+)aA(+)bA
†
(+)cA(+)d +
1
4
A†(+)aijA
ij
(+)bA
†
(+)cklA
kl
(+)d
+Ai†(+)aA(+)biA
j†
(+)cA(+)dj +A
†
(+)aA(+)bA
†
(+)cijA
ij
(+)d
+2A†(+)aA(+)bA
i†
(+)cA(+)di +A
i†
(+)aA(+)biA
†
(+)cjkA
jk
(+)d] (59)
−1
8
g
(1)2h
(1−)
ab h
(1−)
cd q
(−)2 < A(−)a|A(−)b >< A(−)c|A(−)d >
= −1
8
g
(1)2h
(1−)
ab h
(1−)
cd q
(−)2[A†(−)aA(−)bA
†
(−)cA(−)d +
1
4
Aij†(−)aA(−)bijA
kl†
(−)cA(−)dkl
+A†(−)aiA
i
(−)bA
†
(−)cjA
j
(−)d +A
†
(−)aA(−)bA
ij†
(−)cA(−)dij
+2A†(−)aA(−)bA
†
(−)ciA
i
(−)d +A
†
(−)aiA
i
(−)bA
jk†
(−)cA(−)djk] (60)
20
−1
4
g
(1)2h
(1+)
ab h
(1−)
cd q
(+)
q
(−)
< A(+)a|A(+)b >< A(−)c|A(−)d >
= −1
4
g
(1)2h
(1−)
ab h
(1−)
cd q
(+)
q
(−)
[A†(+)aA(+)bA
†
(−)cA(−)d +
1
2
A†(+)aA(+)bA
ij†
(−)cA(−)dij
+A†(+)aA(+)bA
†
(−)ciA
i
(−)d +
1
2
A†(+)aijA
ij
(+)bA
†
(−)cA(−)d
+
1
4
A†(+)aijA
ij
(+)bA
kl†
(−)cA(−)dkl +
1
2
A†(+)aijA
ij
(+)bA
†
(−)ckA
k
(−)d
+Ai†(+)aA(+)biA
†
(−)cA(−)d +
1
2
Ai†(+)aA(+)biA
kl†
(−)cA(−)dkl +A
i†
(+)aA(+)biA
†
(−)cjA
j
(−)d](61)
10 Appendix F
In this appendix we give the complete supersymmetric vector couplings for the
45-dimensional tensor of SO(10) in the Wess-Zumino gauge
L45 = L
(45 K.E.)
V + L
(45 Interaction)
V+Φ + L
(45)
W (62)
where
L
(45 K.E.)
V =
1
64
[
Ŵ α˜Ŵα˜|θ2 + Ŵ ˙˜αŴ
˙˜α|θ¯2
]
Ŵα˜ = 1
g
(45) D
2
e−g
(45)
V̂µνMµνDα˜e
g
(45)
V̂ρλMρλ (63)
whereMµν are the 45 generators in the vector (10-dimensional) representation that
satisfy the following Lie algebra
[Mαβ ,Mγρ] = −i (δβγMαρ + δαρMβγ − δαγMβρ − δβρMαγ) (64)
and take on the form
(Mµν)αβ = −i (δµαδνβ − δµβδνα) (65)
and V̂µν in the Wess-Zumino gauge is given by
V̂µν = −θσAθ¯VAµν + iθ2θ¯λµν − iθ¯2θλµν + 1
2
θ2θ¯2Dµν (66)
Finally we have
L
(45 K.E.)
V = −
1
4
VABµνVABµν −
i
2
Λµνγ
ADAΛµν + L(45)(1)auxiliary
VABµν = ∂AVBµν − ∂BVAµν + g
(45)
(
VAµαVBαν − VBµαVAαν
)
21
DA = ∂A + ig
(45)
2
MµνVAµν
DAΛµν = ∂AΛµν + g(45)
(
VAµαΛαν − VAναΛνα
)
L
(45)
(1)auxiliary =
1
2
DµνDµν
Λµν =
(
λα˜µν
λ
˙˜α
µν
)
(67)
To normalize the SU(5) fields appearing in −1
4
VABµνVABµν , we carry out a field
redefinition
VA = 2
√
5V ′A; VjAi =
√
2V ′jAi; V ijA =
√
2V ′ijA ; VAij =
√
2V ′Aij
Λ =
√
10Λ
′
; Λji =
√
2Λ
′j
i ; Λ
ij =
√
2Λ
′ij; Λij =
√
2Λ
′
ij (68)
so that
−1
4
VABµν VABµν = −
1
2
V ′ABV
′AB† − 1
2!
1
2
V ′ijABV
′ABij† − 1
4
V ′iABjV
′ABj
i
− i
2
Λµνγ
ADAΛµν = − i
2
1
2!
Λ
′
ijγ
ADAΛ′ij −
i
2
1
2!
Λ
′ij
γADAΛ′ij
− i
2
Λ
′i
j γ
ADAΛ′ij −
i
2
Λ
′
γADAΛ′ (69)
Next we look at the second term in Eq.(62)
L
(45 Interaction)
V+Φ = h
(45+)
ab < Φ̂(+)a|e
1
2!
g
(45)
V̂µνΣµν |Φ̂(+)b > |θ2θ¯2
+h
(45−)
ab < Φ̂(−)a|e
1
2!
g
(45)
V̂µνΣµν |Φ̂(−)b > |θ2θ¯2 (70)
Σµν being the 45 generators in the spinorial representation. We find
L
(45 Interaction)
V+Φ = h
(45+)
ab [< Φ̂(+)a|Φ̂(+)b > +
1
2
g
(45)
< Φ̂(+)a|V̂µνΣµν |Φ̂(+)b >
+
1
8
g
(45)2 < Φ̂(+)a|V̂µνΣµνV̂ρλΣρλ|Φ̂(+)b >]|θ2θ¯2 + h
(45−)
ab [< Φ̂(−)a|Φ̂(−)b >
+
1
2
g
(45)
< Φ̂(−)a|V̂µνΣµν |Φ̂(−)b > +1
8
g
(45)2 < Φ̂(−)a|V̂µνΣµνV̂ρλΣρλ|Φ̂(−)b >]|θ2θ¯2 (71)
where
h
(45+)
ab < Φ̂(+)a|Φ̂(+)b > |θ2θ¯2 = h
(45+)
ab [−∂AA†(+)a∂AA(+)b − ∂AAi†(+)a∂AA(+)bi
−∂AA†(+)aij∂AAij(+)b − iΨ(+)aLγA∂AΨ(+)bL
−iΨi(+)aLγA∂AΨ(+)biL − iΨ(+)aijLγA∂AΨij(+)bL] + L(45)(2)auxiliary
L
(45)
(2)auxiliary = h
(45+)
ab < F(+)a|F(+)b > (72)
22
h
(45−)
ab < Φ̂(−)a|Φ̂(−)b > |θ2θ¯2 = h
(45−)
ab [−∂AA†(−)a∂AA(−)b − ∂AA†(−)ai∂AAi(−)b
−∂AAij†(−)a∂AA(−)bij − iΨ(−)aLγA∂AΨ(−)bL
−iΨ(−)aiLγA∂AΨi(−)bL − iΨij(−)aLγA∂AΨ(−)bijL] + L(45)(3)auxiliary
L
(45)
(3)auxiliary = h
(45−)
ab < F(−)a|F(−)b > (73)
Ψ(±)a =
(
ψ(±)aα˜
ψ
˙˜α
(±)a
)
(74)
1
2
h
(45+)
ab g
(45)
< Φ̂(+)a|V̂µνΣµν |Φ̂(+)b > |θ2θ¯2
= h
(45+)
ab g
(45){[−
√
5
2
(
A†(+)a
↔
∂A A(+)b + iΨ(+)aLγAΨ(+)bL
)
− 1
4
√
5
(
A†(+)aij
↔
∂A A
ij
(+)b + iΨ(+)aijLγAΨ
ij
(+)bL
)
+
3
2
√
5
(
Ai†(+)a
↔
∂A A(+)bi + iΨ
i
(+)aLγAΨ(+)biL
)
]V ′A
+[
1
2
√
2
(
A†(+)alm
↔
∂A A(+)b + iΨ(+)almLγAΨ(+)bL
)
+
1
4
√
2
ǫijklm
(
Ai†(+)a
↔
∂A A
jk
(+)b + iΨ
i
(+)aLγAΨ
jk
(+)bL
)
]V ′Alm
+[− 1
2
√
2
(
A†(+)a
↔
∂A A
lm
(+)b + iΨ(+)aLγAΨ
lm
(+)bL
)
− 1
4
√
2
ǫijklm
(
A†(+)aij
↔
∂A A(+)bk + iΨ(+)aijLγAΨ(+)bkL
)
]V ′Alm
+[− 1√
2
(
A†(+)aik
↔
∂A A
kj
(+)b + iΨ(+)aikLγAΨ
kj
(+)bL
)
− 1√
2
(
Aj†(+)a
↔
∂A A(+)bi + iΨ
j
(+)aLγAΨ(+)biL
)
]V ′iAj
+
√
5
2
[
−A†(+)aΨ(+)bR −
1
10
A†(+)aijΨ
ij
(+)bR +
3
5
Ai†(+)aΨ(+)biR
]
Λ
′
L
+
1
2
[
A†(+)almΨ(+)bR +
1
2
ǫijklmA
i†
(+)aΨ
jk
(+)bR
]
Λ
′lm
L
−1
2
[
A†(+)aΨ
lm
(+)bR +
1
2
ǫijklmA†(+)aijΨ(+)bkR
]
Λ
′
lmL
−
[
A†(+)aikΨ
kj
(+)bR +A
j†
(+)aΨ(+)biR
]
Λ
′i
jL
−
√
5
2
[
−Ψ(+)aLA(+)b − 1
10
Ψ(+)aijLA
ij
(+)b +
3
5
Ψ
i
(+)aLA(+)bi
]
Λ
′
R
−1
2
[
Ψ(+)almLA(+)b +
1
2
ǫijklmΨ
i
(+)aLA
jk
(+)b
]
Λ
′lm
R
+
1
2
[
Ψ(+)aLA
lm
(+)b +
1
2
ǫijklmΨ(+)aijLA(+)bk
]
Λ
′
lmR
23
+
[
Ψ(+)aikLA
kj
(+)b +Ψ
j
(+)aLA(+)bi
]
Λ
′i
jR}+ L(45)(4)auxiliary
L
(45)
(4)auxiliary =
h
(45+)
ab g
(45)
4
< A(+)a|Σµν |A(+)b > Dµν (75)
where
Ai†(+)a
↔
∂A A(+)bi
def
= Ai†(+)a∂AA(+)bi −
(
∂AA
i†
(+)a
)
A(+)bi (76)
Similarly for 16−16−− couplings we have
1
2
h
(45−)
ab g
(45)
< Φ̂(−)a|V̂µνΣµν |Φ̂(−)b > |θ2θ¯2
= h
(45−)
ab g
(45){[
√
5
2
(
A†(−)a
↔
∂A A(−)b + iΨ(−)aLγAΨ(−)bL
)
+
1
4
√
5
(
Aij†(−)a
↔
∂A A(−)bij + iΨ
ij
(−)aLγAΨ(−)bijL
)
− 3
2
√
5
(
A†(−)ai
↔
∂A A
i
(−)b + iΨ(−)aiLγAΨ
i
(−)bL
)
]V ′A
+[
1
2
√
2
(
A†(−)a
↔
∂A A(−)blm + iΨ(−)aLγAΨ(−)blmL
)
+
1
4
√
2
ǫijklm
(
Aij†(−)a
↔
∂A A
k
(−)b + iΨ
ij
(−)aLγAΨ
k
(−)bL
)
]V ′Alm
+[− 1
2
√
2
(
Alm†(−)a
↔
∂A A(−)b + iΨ
lm
(−)aLγAΨ(−)bL
)
− 1
4
√
2
ǫijklm
(
A†(−)ai
↔
∂A A(−)bjk + iΨ(−)aiLγAΨ(−)bjkL
)
]V ′Alm
+[
1√
2
(
Ajk†(−)a
↔
∂A A(−)bki + iΨ
jk
(−)aLγAΨ(−)bkiL
)
+
1√
2
(
A†(−)ai
↔
∂A A
j
(−)b + iΨ(−)aiLγAΨ
j
(−)bL
)
]V ′iAj
−
√
5
2
[
−A†(−)aΨ(−)bR −
1
10
Aij†(−)aΨ(−)bijR +
3
5
A†(−)aiΨ
i
(−)bR
]
Λ
′
L
+
1
2
[
A†(−)aΨ(−)blmR +
1
2
ǫijklmA
ij†
(−)aΨ
k
(−)bR
]
Λ
′lm
L
−1
2
[
Alm†(−)aΨ(−)bR +
1
2
ǫijklmA†(−)aiΨ(−)bjkR
]
Λ
′
lmL
+
[
Ajk†(−)aΨ(−)bkiR +A
†
(−)aiΨ
j
(−)bR
]
Λ
′i
jL
+
√
5
2
[
−Ψ(−)aLA(−)b − 1
10
Ψ
ij
(−)aLA(−)bij +
3
5
Ψ(−)aiLA
i
(−)b
]
Λ
′
R
−1
2
[
Ψ(−)aLA(−)blm +
1
2
ǫijklmΨ
ij
(−)aLA
k
(−)b
]
Λ
′lm
R
+
1
2
[
Ψ
lm
(−)aLA(−)b +
1
2
ǫijklmΨ(−)aiLA(−)bjk
]
Λ
′
lmR
−
[
Ψ
jk
(−)aLA(−)bki +Ψ(−)aiLA
j
(−)b
]
Λ
′i
jR}+ L(45)(5)auxiliary
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L
(45)
(5)auxiliary =
h
(45−)
ab g
(45)
4
< A(−)a|Σµν |A(−)b > Dµν (77)
Next we evaluate couplings to 16+16+ of matter which are quadratic in the vector
multiplet fields. We have
1
8
h
(45+)
ab g
(45)2 < Φ̂(+)a|V̂µνΣµνV̂ρλΣρλ|Φ̂(+)b > |θ2θ¯2
= h
(45+)
ab g
(45)2{[−5
4
[A†(+)aA(+)b +
1
50
A†(+)aijA
ij
(+)b +
9
25
Ai†(+)aA(+)bi]V
′
AV
′A
+
1
2
[−Am†(+)aA(+)bmδliδkj +
(
A†(+)aimA
ml
(+)b −Al†(+)aA(+)bi
)
δkj +A
†
(+)aijA
kl
(+)b]V
′i
AkV
′Aj
l
+
1
4
[
(
2A†(+)aA
km
(+)b + ǫ
ijpkmA†(+)aijA(+)bp
)
δln − 2ǫijklmA†(+)ainA(+)bj ]V
′
AklV
′An
m
+
1
4
[
(
−2A†(+)akmA(+)b − ǫijpkmAi†(+)aAjp(+)b
)
δnl + 2ǫijklmA
i†
(+)aA
nj
(+)b]V
′kl
A V
′Am
n
+
1
4
√
10
[−6A†(+)aAlm(+)b + ǫijklmA†(+)aijA(+)bk]V
′
AlmV
′A
+
1
4
√
10
[6A†(+)almA(+)b − ǫijklmAi†(+)aAjk(+)b]V
′lm
A V
′A
+
1√
10
[3Aj†(+)aA(+)bi + 5A
†
(+)aikA
kj
(+)b]V
′i
AjV
′A
−1
8
[ǫijklmA†(+)aA(+)bi]V
′
AjkV
′A
lm −
1
8
[ǫijklmA
i†
(+)aA(+)b]V
′jk
A V
′Alm
+
1
8
[
(
2A†(+)aA(+)b +A
†
(+)amnA
mn
(+)b
)
δki δ
l
j + 2A
†
(+)aijA
kl
(+)b
+2
(
A†(+)aimA
ml
(+)b −Al†(+)aA(+)bi
)
δkj ]V
′ij
A V
′A
kl }(78)
Similarly couplings to 16−16− of matter which are quadratic in the vector multiplet
fields are given by
1
8
h
(45−)
ab g
(45)2 < Φ̂(−)a|V̂µνΣµνV̂ρλΣρλ|Φ̂(−)b > |θ2θ¯2
= h
(45−)
ab g
(45)2{[−5
4
[A†(−)aA(−)b +
1
50
Aij†(−)aA(−)bij +
9
25
A†(−)aiA
i
(−)b]V
′
AV
′A
+
1
2
[
(
Aim†(−)aA(−)bml −A†(−)alAi(−)b
)
δ
j
k −Aij†(−)aA(−)bkl]V
′k
AiV
′Al
j
+
1
4
[
(
2Akm†(−)aA(−)b + ǫ
ijpkmA†(−)aiA(−)bjp
)
δln + ǫ
ijklmA†(−)anA(−)bij ]V
′
AklV
′An
m
−1
4
[
(
2A†(−)aA(−)bkm + ǫijpkmA
ij†
(−)aA
p
(−)b
)
δnl + ǫijklmA
ij†
(−)aA
n
(−)b]V
′kl
A V
′Am
n
+
1
4
√
10
[6Alm†(−)aA(−)b − ǫijklmA†(−)aiA(−)bjk]V
′
AlmV
′A
+
1
4
√
10
[−6A†(−)aA(−)blm + ǫijklmAij†(−)aAk(−)b]V
′lm
A V
′A
25
+
1√
10
[3A†(−)aiA(−)bj +A
jk†
(−)aA(−)bki]V
′i
AjV
′A
−1
8
[ǫijklmA†(−)aiA(−)b]V
′
AjkV
′A
lm −
1
8
[ǫijklmA
†
(−)aA
i
(−)b]V
′jk
A V
′Alm
+
1
4
[
(
A†(−)aA(−)b +A
mn†
(−)aA(−)bmn +A
†
(−)amA
m
(−)b
)
δikδ
j
l +A
ij†
(−)aA(−)bkl
+
(
−3Aim†(−)aA(−)bml +A†(−)alAi(−)b
)
δ
j
k]V
′
AijV
′Akl} (79)
L
(45)
W = W(Φ̂(+), Φ̂(−))|θ2 + h.c. (80)
where
W(Φ̂(+), Φ̂(−)) = µab < Φ̂
∗
(−)a|B|Φ̂(+)b >
W(A(+),A(−)) = iµab
(
AT(−)aA(+)b −
1
2
AT(−)aijA
ij
(+)b +A
iT
(−)aA(+)bi
)
(81)
and where µab is taken to be a symmetric tensor. Thus we have
L
(45)
W = −iµab
(
Ψ(−)aRΨ(+)bL +Ψ
i
(−)aRΨ(+)biL −
1
2
Ψ(−)aijRΨ
ij
(+)bL
)
+iµ∗ab
(
Ψ(−)aLΨ(+)bR +Ψ(−)aiLΨ
i
(+)bR −
1
2
Ψ
ij
(−)aLΨ(+)bijR
)
+ L
(45)
(6)auxiliary
L
(45)
(6)auxiliary = iµab[F(−)aA(+)b +A
T
(−)aF(+)b −
1
2
F(−)aijA
ij
(+)b
−1
2
AT(−)aijF
ij
(+)b + F
i
(−)aA(+)bi +A
iT
(−)aF(+)bi] + h.c. (82)
Eliminating the fields, F(±) through their field equations we get
L
(45)
(2)auxiliary + L
(45)
(3)auxiliary + L
(45)
(6)auxiliary
= −
(
µ∗[h
(45−)
]−1[h
(45−)
]T[h
(45−)
]−1µ
)
ab
[
A†(+)aA(+)b +
1
4
A†(+)aijA
ij
(+)b +A
i†
(+)aA(+)bi
]
−
(
µ[h
(45+)
]−1Th
(45+)
[h
(45+)
]−1Tµ∗
)
ab
[
AT(−)aA
∗
(−)b +
1
4
AT(−)aijA
ij∗
(−)b +A
iT
(−)aA
∗
(−)bi
]
(83)
Similarly, eliminating the auxiliary field Dµν we get
L
(45)
(1)auxiliary + L
(45)
(4)auxiliary + L
(45)
(5)auxiliary
= − 1
32
g
(45)2h
(45+)
ab h
(45+)
cd < A(+)a|Σµν |A(+)b >< A(+)c|Σµν |A(+)d >
− 1
32
g
(45)2h
(45−)
ab h
(45−)
cd < A(−)a|Σµν |A(−)b >< A(−)c|Σµν |A(−)d >
− 1
16
g
(45)2h
(45+)
ab h
(45−)
cd < A(+)a|Σµν |A(+)b >< A(−)c|Σµν |A(−)d > (84)
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The terms above when expanded in terms of SU(5) fields give
− 1
32
g
(45)2h
(45+)
ab h
(45+)
cd < A(+)a|Σµν |A(+)b >< A(+)c|Σµν |A(+)d >
= g
(45)2{− 1
16
(
η
(45++)
ab,cd + 4η
(45++)
ad,cb
)
(A†(+)aA(+)bA
†
(+)cijA
ij
(+)d +A
i†
(+)aA(+)biA
j†
(+)cA(+)dj
+Ai†(+)aA(+)biA
†
(+)cjkA
jk
(+)d)−
1
2
(
η
(45++)
ab,cd + η
(45++)
ad,cb
)
Ai†(+)aA(+)bjA
†
(+)cikA
kj
(+)d
+η
(45++)
ab,cd [−
1
8
ǫijklmA
†
(+)aA
ij
(+)bA
k†
(+)cA
lm
(+)d −
1
8
ǫijklmA†(+)aijA(+)bkA
†
(+)clmA(+)d
−1
4
A†(+)aikA
kj
(+)bA
†
(+)cjlA
li
(+)d +
3
64
A†(+)aijA
ij
(+)bA
†
(+)cklA
kl
(+)d
+
3
8
A†(+)aA(+)bA
i†
(+)cA(+)di −
5
16
A†(+)aA(+)bA
†
(+)cA(+)d]}(85)
− 1
32
g
(45)2h
(45−)
ab h
(45−)
cd < A(−)a|Σµν |A(−)b >< A(−)c|Σµν |A(−)d >
= g
(45)2{− 1
16
(
η
(45−−)
ab,cd + 4η
(45−−)
ad,cb
)
(A†(−)aiA
i
(−)bA
jk†
(−)cA(−)djk +A
†
(−)aiA
i
(−)bA
†
(−)cjA
j
(−)d)
− 1
16
(
−11η(45−−)ab,cd + 4η
(45−−)
ad,cb
)
A†(−)aA(−)bA
ij†
(−)cA(−)dij
−1
2
(
η
(45−−)
ab,cd + η
(45−−)
ad,cb
)
A†(−)aiA
j
(−)bA
ik†
(−)cA(−)dkj
+η
(45−−)
ab,cd [−
1
8
ǫijklmA
ij†
(−)aA(−)bA
kl†
(−)cA
m
(−)d −
1
8
ǫijklmA†(−)aiA(−)bjkA
†
(−)cA(−)dlm
−1
4
Aik†(−)aA(−)bkjA
jl†
(−)cA(−)dli +
3
64
Aij†(−)aA(−)bijA
kl†
(−)cA(−)dkl
+
7
8
A†(−)aA(−)bA
†
(−)ciA
i
(−)d +
15
16
A†(−)aA(−)bA
†
(−)cA(−)d]}(86)
− 1
16
g
(45)2h
(45+)
ab h
(45−)
cd < A(+)a|Σµν |A(+)b >< A(−)c|Σµν |A(−)d >
= g
(45)2η
(45+−)
ab,cd {
5
8
A†(+)aA(+)bA
†
(−)cA(−)d −
3
32
A†(+)aijA
ij
(+)bA
kl†
(−)cA(−)dkl
+
1
8
Ai†(+)aA(+)biA
†
(−)cjA
j
(−)d +
1
2
Aj†(+)aA(+)biA
†
(−)cjA
i
(−)d
+
1
2
A†(+)aikA
kj
(+)bA
il†
(−)cA(−)dlj −
3
8
A†(+)aA(+)bA
†
(−)ciA
i
(−)d
+
13
8
Ai†(+)aA(+)biA
†
(−)cA(−)d +
1
16
A†(+)aA(+)bA
ij†
(−)cA(−)dij
+
9
16
A†(+)aijA
ij
(+)bA
†
(−)cA(−)d −
15
16
Ai†(+)aA(+)biA
jk†
(−)cA(−)djk
− 1
16
A†(+)aijA
ij
(+)bA
†
(−)kcA
k
(−)d +
1
2
Aj†(+)aA(+)biA
ik†
(−)cA(−)dkj
+
1
2
A†(+)aikA
kj
(+)bA
†
(−)jcA
i
(−)d −
1
4
A†(+)aijA(+)bA
ij†
(−)cA(−)d
27
−1
4
A†(+)aA
ij
(+)bA
†
(−)cA(−)dij −
1
4
Ai†(+)aA
jk
(+)bA
†
(−)ciA(−)djk
−1
4
A†(+)aijA(+)bkA
ij†
(−)cA
k
(−)d −
1
2
Ai†(+)aA
jk
(+)bA
†
(−)cjA(−)dki
−1
2
A†(+)aijA(+)bkA
ki†
(−)cA
j
(−)d −
1
8
ǫijklmA†(+)aijA(+)bA
†
(−)ckA(−)dlm
−1
8
ǫijklmA
†
(+)aA
ij
(+)bA
kl†
(−)cA
m
(−)d −
1
8
ǫijklmA
i†
(+)aA
jk
(+)bA
lm†
(−)cA(−)d
−1
8
ǫijklmA†(+)aijA(+)bkA
†
(−)cA(−)dlm}(87)
where η’s are defined by
η
(45++)
ab,cd = h
(45+)
ab h
(45+)
cd ; η
(45−−)
ab,cd = h
(45−)
ab h
(45−)
cd ; η
(45+−)
ab,cd = h
(45+)
ab h
(45−)
cd (88)
11 Appendix G
In this Appendix we discuss the coupling of the U(1) vector with matter without
imposition of the constraint of the Wess-Zumino gauge. We consider the following
Lagrangian which couples the vector multiplet with a scalar multiplet Φ̂.
L(U(1)) = L
(U(1) K.E.)
V + L
(U(1) Mass)
V + L
(U(1) Self−Interaction)
V + L
(U(1) Interaction)
V+Φ + L
(U(1))
Φ
L
(U(1) K.E.)
V =
1
4
[
Ŵ α˜Ŵα˜|θ2 + Ŵ ˙˜αŴ
˙˜α|θ¯2
]
L
(U(1) Mass)
V = m
2V̂2|θ2θ¯2
L
(U(1) Self−Interaction)
V = α1V̂
3|θ2θ¯2 + α2V̂4|θ2θ¯2
L
(U(1) Interaction)
V+Φ = hΦ̂
†
aV̂Φ̂a|θ2θ¯2
L
(U(1))
Φ = Φ̂
†
aΦ̂a|θ2θ¯2 +
[
W(Φ̂)|θ2 + h.c.
]
(89)
where
Ŵα˜ = −1
4
D
2
Dα˜V̂; Ŵ ˙˜α = −
1
4
D2D ˙˜αV̂ (90)
Finally, the superpotential W(Φ̂) of the theory is
W(Φ̂) = FaΦ̂a + 1
2
MabΦ̂aΦ̂b + 1
3
GabcΦ̂aΦ̂bΦ̂c (91)
The couplings Mab and Gabc are taken to be completely symmetric tensors. Ex-
pansion in component form gives
L
(U(1) K.E.)
V = −
1
4
VABVAB + 1
2
D2 − iλσA∂Aλ (92)
28
L
(U(1) Mass)
V = m
2CD +
1
2
m2
(
M2 +N2
)
−m2
(
λχ+ λχ
)
− 1
2
m2∂AC∂AC
−im2χσA∂Aχ− 1
2
m2VAVA (93)
L
(U(1) Interaction)
V+Φ = −
h
2
√
2
(
χσAψa
)
∂AAa +
h√
2
(
χσA∂ψa
)
Aa − ih√
2
(
λψa
)
Aa
− h
2
√
2
(
ψaσ
Aχ
)
∂AA
†
a −
h√
2
(
ψaσ
A∂χ
)
A†a +
ih√
2
(λψa)A
†
a
+
ih
2
VA
[(
∂AAa
)
A†a −
(
∂AA†a
)
Aa
]
+
h
2
VA
(
ψaσ
Aψa
)
−hC
(
∂AA
†
a
)
(∂AAa)− ihC
(
ψaσ
A∂Aψa
)
− h
4
∂A
(
AaA
†
a
)
∂AC
+hCFaF
†
a −
ih√
2
(χψa)F
†
a +
ih√
2
(
χψa
)
Fa +
h
2
DAaA
†
a
+
ih
2
(M + iN)AaF
†
a −
ih
2
(M − iN)A†aFa (94)
L
(U(1) Self−Interaction)
V = −3
(
α1
2
C + α2C
2
[
VAVA + 2
(
λχ+ λχ
)
+ 2iχσA∂Aχ
−
(
M2 +N2
)
] + 3
(
α1
4
+ α2C
)
[i (M + iN) (χχ)− i (M − iN) (χχ)
−2
(
χσAχ
)
VA] +
(
3α1
4
C + α2C
2
) [
2CD − ∂AC∂AC
]
+
3α2
2
(χχ) (χχ) (95)
L
(U(1))
Φ = −∂AA†a∂AAa − iψaσA∂Aψa + F †aFa
−
(
1
2
Mab + GabcAc
)
ψaψb −
(
1
2
M∗ab + G∗abcA†c
)
ψaψb
+ (Fa +MabAb + GabcAcAc)Fa +
(
F∗a +M∗abA†b + G∗abcA†cA†c
)
F †a (96)
Evaluation of Eq.(89) using Eqs.(90-96) gives in the four-component notation
L(U(1)) = −1
4
VABVAB − 1
2
m2VAVA − 1
2
∂AB∂AB − iΛγA∂AΛ−mΛΛ
−∂AA†a∂AAa −
h
m
B∂AA†a∂AAa
− h
4m
∂A
(
AaA
†
a
)
∂AB +
ih
2
(
A†a∂
AAa − Aa∂AA†a
)
VA
+
h
2m
√
2
[(
ΨaLγ
AΛL
)
∂AAa +
(
ΛLγ
AΨaL
)
∂AA
†
a
]
+
h
m
√
2
[(
ΨaLγ
A∂AΛL
)
Aa −
(
ΛLγ
A∂AΨaL
)
A†a
]
− ih√
2
[(
ΨaLΛR
)
Aa −
(
ΛRΨaL
)
A†a
]
29
−
[(
1
2
Mab + GabcAd
)
ΨaRΨbL +
(
1
2
M∗ab + G∗abcA†d
)
ΨaLΨbR
]
−i
(
1 +
h
m
B
)
ΨaLγ
ADAΨaL
− 1
m3
(
3α1
4
B +
α2
m
B2
)
∂AB∂
AB − 3
m
(
α1
2
B +
α2
m
B2
)
VAVA
+
3
m3
(
α1B +
2α2
m
B2
) (
iΛLγ
A∂AΛL −mΛΛ
)
+
3
m2
(
α1
2
+
2α2
m
B
) (
ΛLγ
AΛL
)
VA + 3α2
2m4
(
Λ
c
RΛL
) (
ΛLΛ
c
R
)
+ L
(U(1))
auxiliary (97)
where we have defined
Λ =
(
mχα˜
λ
˙˜α
)
, Ψa =
(
ψaα˜
ψ
˙˜α
a
)
, B = mC, Λc = CΛT , C =
(
iσ2 0
0 iσ2
)
,
Λ = Λ†γ0, ΛR,L =
1± γ5
2
Λ ,DA = ∂A − ig
2
(
1 +
g
m
B
)−1
VA (98)
and
L
(U(1))
auxiliary =
(
mB +
3α1
2m2
B2 +
2α2
m3
B3 +
h
2
A†aAa
)
D +
1
2
D2
+
(
1
2
m2 +
3α1
2m
B +
3α2
m2
B2
) (
M2 +N2
)
+i
[
h
2
AaF
†
a +
3
m2
(
α1
4
+
α2
m
B
)(
ΛLΛ
c
R
)]
(M + iN)
−i
[
h
2
A†aFa +
3
m2
(
α1
4
+
α2
m
B
) (
Λ
c
RΛL
)]
(M − iN)
+
[
Fa +MabAb + GabcAbAc + ih
m
√
2
(
ΛLΨaR
)]
Fa
+
[
F∗a +M∗abA†b + G∗abcA†cA†d −
ih
m
√
2
(
ΨaRΛL
)]
F †a +
(
h
m
B + 1
)
F †aFa (99)
We next eliminate the auxiliary fields M , N , and D through their field equations
to get
L
(U(1))
auxiliary = −
1
2
m2B2 − 3α1
2m
B3 −
(
9α1
2
8m4
+
2α2
m2
)
B4 − 3α1α2
m5
B5 − 2α2
2
m6
B6
−h
2
8
(
A†aAa
) (
A
†
bAb
)
− mh
2
B
(
A†aAa
)
− 3hα1
4m2
B2
(
A†aAa
)
− hα2
m3
B3
(
A†aAa
)
+
[
F∗a +M∗abA†b + G∗abcA†bA†c −
ih
m
√
2
(
ΨaRΛL
)
− hf1(B)
f2(B)
(
Λ
c
RΛL
)]
F †a
−2f
2
1 (B)
f2(B)
(
Λ
c
RΛL
) (
ΛLΛ
c
R
)
(100)
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where
f1(B) =
3
m2
(
α1
4
+
α2
m
B
)
, f2(B) = m
2 +
3α1
m
B +
6α2
m2
B2 (101)
and the auxiliary field F satisfies the field equation
F
†
b
[
δab
(
1 +
h
m
B
)
− h
2
2f2(B)
A†aAb
]
= − ih
m
√
2
ΛLΨaR +
hf1(B)
f2(B)
(
ΛLΛ
c
R
)
A†a
−Fa −MabAb − GabcAbAc (102)
Inverting this last equation we obtain
F †a =
(
1 +
h
m
B
)−1 δab + h2A†aAb
2f 22 (B)
(
1 + h
m
B
)
− h2A†cAc

×
[
− ih
m
√
2
ΛLΨbR +
hf1(B)
f2(B)
(
ΛLΛ
c
R
)
A
†
b − Fb −MbdAd − GbdeAdAe
]
(103)
For the case when self-interactions of the vector multiplet are absent (i.e., α1 =
α2 = 0), we get
L(U(1)) = −1
4
VABVAB − 1
2
m2VAVA − 1
2
∂AB∂AB − iΛγA∂AΛ−mΛΛ
−∂AA†a∂AAa −
h
m
B∂AA†a∂AAa
− h
4m
∂A
(
AaA
†
a
)
∂AB +
ih
2
(
A†a∂
AAa −Aa∂AA†a
)
VA
+
h
2m
√
2
[(
ΨaLγ
AΛL
)
∂AAa +
(
ΛLγ
AΨaL
)
∂AA
†
a
]
+
h
m
√
2
[(
ΨaLγ
A∂AΛL
)
Aa −
(
ΛLγ
A∂AΨaL
)
A†a
]
− ih√
2
[(
ΨaLΛR
)
Aa −
(
ΛRΨaL
)
A†a
]
−
[(
1
2
Mab + GabcAc
)
ΨaRΨbL +
(
1
2
M∗ab + G∗abcA†c
)
ΨaLΨbR
]
−i
(
1 +
h
m
B
)
ΨaLγ
ADAΨaL
−1
2
m2B2 − h
2
8
(
A†aAa
) (
A
†
bAb
)
− h
2
mB
(
A†aAa
)
−
 δab
1 + h
m
B
+
h2A†aAb
2m2 − h2
(
1 + h
m
B
)
A
†
cAc
 [Fa +MadAd + GadeAdAe + ih
m
√
2
ΛLΨaR
]
×
[
F∗b +M∗bfA†f + G∗bfgA†fA†g −
ih
m
√
2
(
ΨbRΛL
)]
(104)
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As is evident the U(1) invariant effective Lagrangian above is highly nonlinear
with infinite order nonlinearities.
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